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EFFECTS OF THE CURRLNT DISTRIBUTION ON THE
CHARACTERISTICS OF THE SEMICONDUCTOR LASER WITH A //,
CHANNELED~SUBSTRATE PLANAR STRUCTURE

Chung Yih Chen and Shyh Wang
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Department of Electrical Engineering and Computer Sciences
and the Electronics Research Lahoratory
University of California, Berkeley, California 94720

ABSTRACT

Effects of the current distribution along the junction plane on the
lateral and longitudinal mode behaviors of the semiconductor laser with
a channeled-substrate planar (CSP) structure are investigated experi-
mentally and theoretically, A new laser structure of the double-
current-confinement CSP type, which has two electrodes for pump-
ing and only one channel for stimulated emission (TEPQOSE), was

cmployed for this study. Current distribution profile of this laser can

be varied by changing the relative strength of the current in each elec-
trode. Experimental results showed that an asymmetric current profile
can degrade the fundamental-lateral mode ?peration. A theoretical model
based on phase-locked two-mode excitation was developed to account for
the far-field pattern of a TEPOSE laser with only one electrode excited.
It is also found that nonuniform excitation over the lasing mode can lead
to multi-longitudinal mode, probably due to nonuniformity in the quasi-
Fermi level separation. The present study demonstrates the importance of
symmetric and uniform current distribution in designing semiconductor
‘ lasers.
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I. INTRODUCTION

In the last few years, a considerable amount of effort has been di-
rected toward the study of lateral mode stabilization in the semiconduc-
tor laser. It is generally believed that a built-in refractive index
difference along the junction plane (lateral direction) of the laser
structure is indispensable. Semiconductor lasers with linear light-cur-
rent (L-I) relation, stable fundamental lateral mode, and single longi-
tudinal wode, such as BH [1,2], CSP [3,4], and TJS [5] lasers, have been
widely reported.

Since lasing action in a semiconductor laser is provided by the
radiative recombination of electrons and holes, one can see that the

current distribution in the laser structurec should affect the lateral

mode and/or the longitudinal mode behavior either directly or indirectly.

Study in this area not only promotes one's understanding of the semicon-
ductor laser, but also provides useful information on the laser design.
Some workers have reported the effect of asymmetric gain profile on the
far-field radiation pattern [6,7]. However, the work was limited to the
case of the oxide stripe laser, which has no built-in index profile for
lateral mode stabilization. Consider a laser structurc with a built-in
refractive index profile along the junction plane as shown in Fig. 1(a),
and an asymmetric current distribution shown in Fig. 1(b). This asym-
metric current profile can be introduced either by the fabrication pro-
cess or by the lasing action itself. One important effect of this asym-
metric current profile on the lateral mode stabilization can be argued
as follows. The refractive index profile shown in Fig. 1(a) defines a
set of normal modes in the lateral direction. Whether a mode can lase
or not depends on whether or not its modal gain reaches the lasing

threshold. Since the modal gain depends on the overlap integral of the
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modal intensity and the spatial gain profile, it 1s expected that the
first order mode may acquire a modal gain comparable to or even higher
than that of the fundamental mode in view of their field distribution
shown in Fig. 1(c). Under such conditions, the lateral-mode behavior
becomes complicated and unstable with respect to the pumping levels
because the relative phase and the power sharing between the modes are
beyond one's control.

In this paper, we present the experimental and theoretical
study on the effects of the current distribution on the modal stabiliﬁy

in a laser structure with a built-in refractive index difference along

the junction plane. Some preliminary results on this topic were pre-
sented recently [8]. We have fabricated a laser structure of the
double~current confinement channeled-substrate planar type [4] for this
study. This laser structure is unique in that it has two electrodes
for pumping and one channel for stimulated emission (TEPOSE for short).
Current distribution with respect to the built-in channel can be varied
at one's disposal by changing the ratio of the current flowing through
the two electrodes. It is shown that asymmetric current distribution
is detrimental to the stable fundamental' lateral-mode operation. More-
over, we observed that asymmetric current profile usually led to multi-
longitudinal mode operation. A theoretical model based on the phase~
locked two-mode excitation is then presented to explain the far-field
pattern of a laser with asymmetric current distribution. The calcu-
lated results are in agreement with the experiment. Finally, a pos-
sible reason for the multi-longitudinal mode operation and means to

provide a symmetric and uniform current distribution are discussed.

IT. EXPERTMENT
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A. Device Fabrication

A schematic cross-section and an SEM photograph of the TEPOSE laser
used for the present study arc shown in Fig. 2(a) and (b), respectively.
The fabrication procedures of the device consist of a two-step LPE growth.
A layer of p+—GaAs was first grown. Conventional photolithographic pro-
cess was applied to groove a set of 4.5 im channels on the wafer. This
was then followed by the second LPE to grow n—Ga0.65A20.35As, p-GaO.SB
Alo'les, p-Gao.65A£0.35As, p-GaAs, and n-GaAs. After the second LPE,
the original photomask was employed again to open two contact stripes
using double exposure. Care should be exercised to assure that chemical
etching penetrated through the n-GaAs layer. The separation between
the edge of the contact opening and the center of the bottom channel
is 4.3 um (Ll) and 3.4 um (LZ)’ respectively. Gold was applied over
the whole wafer for the p-type contact. Once again, the original photo-
mask was used to provide opening for electrode isolation by Au etching.
Particular attention was paid to prevent gold film from peeling off be-
cause of the lateral etching. Since a double current confinement scheme
was used in the present structure, one can assure that current flows
through the bottom channel instead of flowing directly downward from
the contact opening. Notice that the minimum separation between the
two electrodes was limited by the channel width of the photomask and
the gold etching process. After Ge-Au was evaporated for the n-type
contact, the wafer was cleaved into dice and mounted on TO-5 header.
Gold wire was finally bonded to each electrode and the lasers were
tested under pulsed excitation (800 ns duration, 58 Hz).
B, Measurement Technique

Current-voltage (I-V) characteristic of each device was first

measured to assure that the device functioned properly in view of the

.
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electrical property. Electrical isolation between the two electrodes
was also examined by measuring the I-V characteristic. Resistance be-
tween the two electrodes ranged from 20 @ to 30 Q. This degree of iso-
lation is considered to be sufficient in the sense that current distri-
bution can be varied properly by changing the pumping current to each

; electrode, as will be shown later,

Current distribution along the junction plane was determined by

measuring the spontanecus-emission profile below lasing threshold. This

linear gain-current assumption is based oun theoretical and experimental

results [9,10]. An experimental setup for this measurement is shown in

Fig. 3. Details of measurement had been presented elsewhere [11].

The intensity profile was obtained by imaging the near-field

pattern of the laser onto a Si target of a RCA vidicon camera Model TC
1005 using a 40 x microscope objective with NA = 0.65. Raleigh resolu-~
tion given by 1/2NA is 0.6 um, where A is the vacuum wavelength. Video

signal was first applied to the TV monitor and then to the oscilloscope

for display. All the electronic units share the same trigger which is

provided by the vertical drive of the vidicon camera. Care was given
to synchronize the two pulses applied to.the two electrodes.
b C. Experimental Results

Current distribution along the junction planc monitored by spon-
taneous emission is shown in Fig. 4. Figure 4(a) imd (b), respectively,
correspond to the cases when electrode No. 1 and 2 are exclusively
excited. Note that the center line of the oscillogram corresponds ap-
proximately to the center of the bottom channel. Exactly as one expec-
ted, the current distribution is indeed asymmetric with the peak occur-
ring somewhere between the electrode and the center of the bottom channel.

It 1s also interesting to note that the profile tailed off more slowly on
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one side than the other. We believe that this was due to the current
crowding effect introduced by the n~p reverse-bilased junction on both
shoulders of the channel region. If, however, both electrodes were
pumped simultaneously, we successfully obtained a symmetric current pro-
file with equal tailing on both sides by adjusting the current flowing
through the two electrodes. It should be pointed out that arranging I1 =
12 can not guarantee a symmetric current profile. This is so because the
spacing between the electrode and the center of the channel was not equal;
and, therefore, the peak and the distribution in current did not occur
symmetrically. For the particular diode under study, symmetric current
profile corresponded to Il/I2 = 1.,2. This asymmetry was also reflected

in the current threshold with It

h " 150 mA and It = 120 mA.

h2

Fig. 5(a) showed the near-field pattern of the laser with electrode
No, 1 excited exclusively at I1 =1.3 Ithl' This electrode was chosen
simply to accentuate the degree of asymmetry. On the other hand, if both
electrodes were excited simultaneously with 11/12 = 1.2, a near~field
pattern as shown in Fig, 5(b) was observed. Double traces in the pattern
were due to a slight instability in the scope trace. The effect of asym-
metric current distribution was readily observed from this comparison.
Notice that a cladding layer thickness of 0.43 um and AL content of 0,12
in the active layer (referred to in Fig. 2) should give a built-in re-
fractive-index difference greater than 8 x 10—3 based on the effective
refractive index calculation by Aiki et al. [12]. This result then
points to an important conclusion that a symmetric current distribution
is indispendable for a stable fundamental-lateral-mode excitation even
though a certain amount of built~in refractive-index difference was in-
corporated into the laser structure.

The comparison was also discernable based on the far-field pattern.

”
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Fig, 6(a) shows the far-~field pattern corresponding to the case with
electrode No, 1 being excited only, The patterns were composed of two
lobes with the relative intensity roughly independent of pumping levels.
This far-field radiation pattern is not to be confused with the non-
Gaussian far-field pattern observed in narrow (< 6 pm) stripe-geometry
lasers reported by many workers [7,13-15]. Semiconductor lasers with
CSP structure [3,4] typically show stable Gaussian-like far-field pat-
terns even if the channel width is as small as 2 um. Now, if both
electrodes were pumped to give a more symmetric current distribution,
the far-field patterns shown in Fig. 6(b) were observed. These pat-
terns were more stable and controllable, although a tiny side lobe did
come into existence.

We also extended our efforts to study the effect of current distri-
bution on the longitudinal-mode behavior. Up to the present time, single
longitudinal-mode operation of the semiconductor laser was not reproduc-
ible although it had been reported by many researchers (4,12,16,17]. The
reason for causing multi-longitudinal mode operation has not been con-
clusively identified, although several hypotheses were advanced [17-19].
Our experimental results showed that multi-longitudinal mode was invari-
ably observed if only one electrode was excited in the TEPOSE laser. Fig.
7 shows the typical spectra at various pumping levels of the TEPOSE laser
with only one electrode being excited. Not only were multi-longitudinal
modes observed at each current level, but also the envelope of the spectrum
moved toward longer wavelength. A possible reason for these observations
will be given later.

I111. THEORETICAL. MODEL
A. Model of Phase-locked Two-Mode Excitation

First, we looked for the normal modes that can be supported by the

-7-
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built-in waveguide. Considering the laser structure shown in Fig. 2, we

may well assume the buillt-in refractive index profile to have the forms
shown in Fig. 8, where n(x) is the real part of the complex refractive
index E(x), and a(x) is the absorption coefficient. The abscissa is
along the lateral direction with the origin located at the center of the

bottom channel. Now, one can expand the index n(x) into a Taylor series

n(x) = Z A2m me (L)
m=0

S . .
for |x| <5 where S is the channel width. Only even-power terms were
retained since the bottom channel is symmetric with respect to its cen-
ter, To a first-order approximation, one can truncate all the terms

higher than second order and reach the form

2
n(x) « AO + A2 b 2

This profile can also be expressed in terms of the parameters of the

structure as follows:

n(x) ~ ny - (48 np/SZ) x2 (3)

where n, is the peak index at x = 0, and Anp = n, - n(S/2) is the larg-

0

est variation in n(x).

0

Similar manipulation can also be applied to a(x), which is then

given by
2, 2
a(x) = ay + (4 Aa/ST) x %)
where ag = a(0) and Aa is the largest variation in a(x). It should be

pointed out that both n(x) and a(x) were introduced by the penetration

of the radiation into the lossy substrate and by a built-in channel

-8-
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reglon. Since n(x) and a(x) arc rclated to n(x) by

- a(x
n(x) = n(x) - i §é~l (5)
0
- -2 -
and e(x) = n"(x) , €.x) can be represented by

22

e(x) = €(0) - a‘x (6)

vhere fourth-order term has been neglected because of increasing insig-

nificance and ko = 2n/X, X is the vacuum wavelength, €(x) is the complex

dielectric constant, a is a complex number and can be expressed as a =
a_ + i a, with a. being the real part and a; the imaginary part. The

paréT?Eﬁts_s(O), a_, and a; ;te given by

20 = n 2 7
0
bngdn LR \2)1/2y (172
a 5 (l + [l + hnbn ] ) , (8)
S P
n,Aha
a; P 9)
msS a
r
%o
where n, >> -— has been used.
0 ko
The two-dimensional wave equation tb be solved is given by
v2E, + k.2 S(x,y) E. = 0 (10)
x 0 ’ X
with £(x,y) given by
_ €(0) - a2x2 0<y=<d
e(x,y) = (11)
€1 elsewhere
where € is the dielectric constant of the cladding layer. This equa-
tion has been considered by Paoli [20] and the approximate modal distri-
bution along the junction plane is the well-known Hermite-Gaussian func- é

tion given by




T acamd

1/2
. m 1/2.1/2 X
i Lx (x) - Cm Hm[(a ko r / ) / x) exp (- % kO a x2)

SN Y

(12)

where Exm is the approximate modal {ield of mth order, “m is the_ﬁefﬁite
polynomial of order m, and T' is the confinement factor in the vertical
direction. The solution is by no means complete without knowing Anp and
Aap. These can be obtained using effective-refractive-index calculation
[12] by assuming the channel to be infinitely deep.

If the field expressed in Eq. (12) is normalized so that

.}r lEmeZ dx =1 , then %Pe coefficient Cm's are found to be [21]
"3 -3 koar2>'21{
= ! —_————
c =2 (m!) ( - (13)

Since Exm is the eigenfunction of the boundary value problem defined by
Eqs. (10) and (11), {Exm} forms a complete set. Consequently, we can ex-
pand the lasing field of the TEPOSE laser with only one electrode excited

into a generalized Fourier series

E () = 2%) D C, H [k a r1/2)1/2}(] exp (- %‘ko a F1/2:<2) (14)
m:

r

where Dm's are the Fourier coefficient. Note that we have lumped the in-
significant phase factor into Dm. .

As a model for the analysis, we assume D, = 0 for m > 2, In other
words, only fundamental and first-order modes can be excited. We name
this model as phase-locked two-mode excitation. The adoption of the
phase-locked model arises from the observation that the far-field pat-
tern shows two instecad of three lobes. The fundamental and rirst-order

fields can simply be written as follows:

-10-
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fundamental: A exp (- %-ko a FJ/Z xz) exp (100)

(15)

. . _1 1/2 2
first order: B x exp ( 2 ko a_ r x ) exp (iel)

where A and B are two parameters, 8g and 01 are the phase of the funda-
mental and first-order modes, respectively.
* *
Define two parameters C and 8
1/2
B 2
a ¢ 1/2 | (16)

koar

*
|

6 =8, - 0 (17)

where C* is a measure of the relative intensity between the first-order
and the fundamental modes, with an increase in C* corresponding to an in-
creasing dominance of the first-order mode. The angle 6* represents the
phase diffcrence between the first-order and the fundamental modes.

The far-field intensity I as a function of angle 6 can be obtained
by applying Kirchhoff-Huygens principle [22], and is given by
-k sinzﬂ

0
173 ) (18)

r a arT
r r

2 ZC* i 6* in® *2.4 20
1(8) = D cos’® (1 - 512 sin + C s;n Yexp (

where D is a constant. Calculated results and comparison with the ex-
periment will be shown in the following section.
B. Calculated Results

In the following calculation, the values a_ = 0.1 um_l, A = 0.8 ym,
and T = 0.4 werc used. It is obvious that the only factor causing asym-
metry in I1(8) is the second term in the first bracket of Eq. (18). If
8 = 0, which means fundamental and first-order modcs have the same phase,

I1(6) is always an even function of 6. For easy discussion, we consider

* *
the following cases, depending on the value of O and C . Notice that

“11-




a ~ a has been used in the calculation since a, << a_.

i

First, consider 6* = 0 and C* = 0.05. As we pointed out previously,
0* = 0 always gives a symmetric far-field pattern. The value of C* is
considered to be so small that the far-field profile is dominated by the
fundamental mode (referred to in Eq. 16), The calculated result is shown
in Fig, 9(a).

As the value of C* is increased, the far-field pattern is then dom-
inated by the first-order mode. A calculated result for 0* = 0 and C* =
1.6 is shown in Fig. 9(b).

Next, consider the case with 9* = 90°, which means the phase of the
first-order mode leading that of the fundamental mode by 90°., The far-
field pattern is no longer symmetric under this condition. A dominant
lobe and a side lobe are usually obtained. The calculated result for
8* = 90° and C* = 0.5 is shown in Fig. 10(a). As the value of C* is
increased, the side lobe will grow. This is shown as a solid curve
in Fig, 10(b) for the case of 6* = 90° and C* = 2.5. The experimental
result is also duplicated and shown as a dashed curve in Fig. 10(b).
Agreement between calculated and experimental results is recasonable.
Although better agreement could be achieved by adjusting 6* and C*, no
attempt was made to do that.

IV, DISCUSSION

Although the experiment was performed specifically on the CSP-type
laser, some general observations can be made. If ideally the lateral
index difference 8n and the channel width S are such that only the funda-
mental lateral mode can be supported, the effect of the current distribu-
tion on the laser performance would not be detrimental to mode stabi-

lity., 1In practice, however, An and S are such that the dielectric wave-

guide may support two or even three modes in the lateral direction. In

e




this case, a symmetric and uniform current distribution plays an essen-
tial role in the laser performance. The result can also be applied to
other laser structures such as BH and TJS.

As for the multi-longitudinal mode operation of the semiconductor
laser, we present the following possible gqualitative explanation. Con-
sider two points A and B in the current profile shown in Fig. 1(b). Since
point A has a higher current density, quasi-Fermi level separation there
should be larger than that at point B. It is known that the spectral
gain profile g(\) was calculated under the assumption of uniform quasi-
Fermi level separation {23]. If the quasi-Fermi level separation is in-
creased, g(A) will become broader with its peak value increased and
shifted to higher energy {9]. Therefore, the effective spectral gain

profile ge?f(x) which a particular lateral mode experiences is

o f_:g<x,x>mm2<x>dx
g re(M) = = (19)
eff /_‘w Emz(x)dx

It is known that averaging always causes broadening. Consequently, non-

uniform excitation experienced by the lasing mode can lead to spectral
broadening and thus to multi-longitudinal-mode operation. If only one
electrode of the TEPOSE laser was excited, the current distribution

would be nonuniform in the channel region. Based on the above argu-
ment, a multi-longitudinal mode operation can be expected, and was indeed
observed in the experiment.

Although single longitudinal mode operation was not observed when
both electrodes were excited, the whole spectral behavior was generally
improved in the sense that the number of longitudinal mode was decreased.
We attribute the lack of single longitudinal mode operation in the TEPOSE
laser when both electrodes were excited to a strong dependence of the

photon energy of the spectral gain peak on the pumping current. Based

-13-
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on Stern's calculation [9], we estmated the rate of peak wavelength change
dA\/dJ to be 0,155 R cmz/A. Because of a considerably large spacing between
the electrodes, (8 um versus 4 um channel width), we can expect a small dip
at the center of the current profile when both electrodes are excited.
Assuming that the small dip caused a 1% perturbation in the current dis-
tribution, we obtained a variation in the wavelength of the peak gain by

16 Z. Therefore, the resultant spectral broadening is expected to be larger
than the longitudinal mode spacing of 2.7 R and can lead to a lack of

single longitudinal mode operation. We should point out that the slight
perturbation (assumed 1%) is beyond the detection of the present setup.

Also this dip should not significantly affect the lateral mode because

the difference between g:ff(x) with different m is large. However, the
difference between g:ff(x) with the same m but different longitudinal

modes is small. Therefore, a broadening comparable to the longitudinal

mode spacing will be large enough to have an effect on the longitudinal

mode behavior.

Since asymmetric current distribution in the lateral direction will
be detrimental to the stable fundamental-mode operation, special care
should be given to the photomask alignmcﬁt of the contact opening with
respect to the channel. One practical way of overcoming this problem
is to provide a wider contact opening [4], which makes a slight mis-
alignment tolerable. The current distribution experienced by the lasing
mode will be more or less uniform in this case and hence favorable for
single longitudinal-mode operation.

V. CONCLUSION

The effects of current distribution on the lasing characteristics

of a semiconductor laser with CSP structurc have been investigated ex-

perimentally and theoretically. A laser structure capable of supporting

_]h- .




a wide variety of current distribution profiles was fabricated for this
study. Experimental results showed that asymmetric current distribution
is detrimental to a stable fundamental-lateral-mode operation. This
points to an important conclusion that symmetric current distribution

is required for a stable lateral-mode operation even though a built-in
index difference was incorporated into the laser structure. A theoreti-
cal model based on phase-locked two-mode excitation was presented to ex-
plain the far-field pattern of the TEPOSE laser with only one electrode
excited. The agreement with the experimental results was good.

Semiconductor lasers with nonuniform excitation usually lecad to
multi-longitudinal mode operation. This is in contrast to single longi-
tudinal-mode behavior observed in semiconductor lasers with uniform ex-
citation. Multi-longitudinal mode may be caused by spectral broadening
introduced by nonuniform quasi-Fermi level separation in the lateral
direction.

A wider contact than the channel was generally considered favorable
for fundamental lateral mode and single longitudinal mode operation of
the CSP laser. 1In our view, the principal benefit of a wider contact
was not the elimination of gain/loss gui&ing becuase Aa always exists,
but rather the attainment of a uniform and symmetric current distribu-
tion for the fundamental lateral mode. In laser structures capable of
supporting more than one lateral mode, a uniform and symmetric current
distribution is as important as a ouilt-in index for mode stability and
single mode operation. This consideration should lead to an increase in

reproducibility of the performance of semiconductor lasers.

Research supported by Air Force Office of Scientific Rescarch Contract
F49620-79~C~0178 and Army Research Office Grant DAAG29-77-G-0053.
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Filgure Captions

Figure 1, TIllustration of a built-in index difference (a), asymmetric
current distribution (b), and field distribution of fundamen-
tal mode Eo(x) and first-order mode El(x) along the junction
plane (c). A and B represent two points of different excita-

tion level.

Figure 2. Schematic diagram (a) and SEM micrograph (b) of a TEPOSE laser.
l Figure 3. Schematic dlagram of the experimental setup for current distri-
bution and near-field measurement.

Figure 4. Current distribution in a TEPOSE laser with only electrode No.

1 excited (a), only electrode No. 2 excited (b), and both elec-

b S

trodes excited with 11/12 = 1.2 (¢). Horizontal white bar in
(b) indicates the position of the bottom channel.
Figure 5. Near-field pattern of a TEPOSE laser (same as in Fig. 4) with

electrode No. 1 excited (Il = 1.3 ) (a), and both electrodes

Tent
excited (Il/I2 = 1.2) (b).

Figure 6. Far-field pattern of a TEPOSE laser (same as Fig. 4) with (a)

only clectrode No. 1 excited (I1 = 1.3 Ithl) and (b) both e-
lectrodes excited (II/IZ = 1.2').
h Figure 7, Spectra of a TEPOSE lascr (same as in Fig., 4) with only elec-

tode No. 1 excited.
Figure 8. Illustration of the index profile (a) and absorption coefficient
(b) introduced by the built-in channel in a CSP structure.
Figure 9, Calculated normalized far-field pattern of the TEPOSE laser
with (a) 0% = 0°, ¢* = 0.05 (dashed line) and (h) 0 = 0°,

C = 1.6 (solid line).
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Figure 10, Calculated normalized far-field pattern (solid line) of the

* * * *
TEPOSE laser,(a) 6 = 90°, C = 0.5, (b) 8 = 90°, ¢ = 2,5.

Dashed line in (b) shows the experimental result,
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